Large volcanic eruptions, in addition to the well-known effect of producing global cooling for a year or two, have been observed to produce shorterterm responses in the climate system involving non-linear dynamical processes. In this paper, we use the ECHAM2 general circulation model forced with stratospheric aerosols to test some of these ideas. Run in a perpetual-January mode, with tropical stratospheric heating from the volcanic aerosols typical of the 1982 EI Chichc'm eruption or the 1991 Pinatubo eruption.
Although conventional wisdom holds that volcanic aerosols produce cooling at the surface due to reduction of incoming solar radiation (and indeed that effect is to be expected on a two-to three-year timescale (Robock 1991) ), the winter of 1991-92 (DJF) was warmer than average over North America and the Eurasian middle latitudes both in satellite derived temperatures of the lower half of the troposphere and in synoptic surface observations at the same time. Negative temperature anomalies were observed mainly over the eastern Mediterranean and over the northeastern part of North America, the Davis strait and Greenland. The question arises as to whether this anomaly pattern is produced by a deterministic process other than the reduction of shortwave radiation or is simply a manifestation of the internal climate variability. The possibile effect of the coincidence of volcanic aerosol with an El Nino leading to the higher continental winter temperatures is discussed e.g. by Robock (1984) and Graf (1986) .
Experiments to study this effect in more detail are currently ongoing and will be described in a forthcoming paper.
In the literature some contradictive results have been published about the effect of volcanic aerosol on the climate of the cold season both from model studies and observations. Recent numerical volcano experiments with general circulation models (GCM) (Graf 1992 and Hansen et a1. 1992) , in which the additional aerosol was introduced implicitly by reducing the solar radiation, shows the strongest climate signal during the warmer seasons. This is not surprising, since the simple linear reduction of incoming solar radiation as used in these studies has only a minor absolute effect in high latitudes during winter. Another experiment, mainly focussed on the stratospheric processes (Rind er a1. 1992 ) and including longwave and shortwave heating, found decreased tropospheric midlatitude westerlies.
An energy-balance model (Robock, 1984) and an annual cycle GCM calculation (Hansen et a1. 1988 , as analyzed by Robock and Liu. in preparation) actually find enhanced cooling in the winter polar regions due :to-the .sea ice / thermal inertia feedback. However there are observational studies that show winter warming after large eruptions over western North America (Lough and Fritts, 1987) and northern Europe (Groismann 1985 (Groismann , 1992 . A reanalysis of global temperature data (Robock and Mao 1992. submitted) reveals winter warming over large parts of Eurasia after all major volcanic eruptions of the last century since the eruption of Krakatau in 1883. The question thus arises, whether there are processes other than the direct effect of radiation which determine the climate response to volcanic aerosol during winter. One possibility is the dynamic coupling of stratosphere and troposphere, as has been shown with simple linear models (Geller and Alpert 1980, Schmitz and Grieger 1980) . Numerical experiments (Boville 1986 ) showed for instance reduced meridional heat transport in the troposphere in the NCAR Climate Community Model for conditions typical for stratospheric westerly circulation (cold polar and warm tr0pical stratosphere).
We therefore conducted a GCM experiment in which, in addition to the reduction of solar radiation at the top of the model atmosphere. heating rate anomalies were added in the stratosphere producing a rather realistic temperature anomaly field in the stratosphere. We want to study the atmospheric response to the volcanic disturbance keeping the ocean fixed. Therefore any transitional effects from slowly varying parts of the climate system can be neglected. The atmospheric memory is at best two weeks. Since our main interest is in wintertime conditions, the model was integrated in a "Perpetual January"-experiment mode. Cumulative hydrological effects like the build-up of an enhanced snow cover and its effect on the Asian monsoon system are discussed in Graf (1992) .
Experimental Setup
The stratospheric aerosol distribution observed in January 1983 in midlatitudes of the northern hemisphere, ten months after the eruption of El Chichon, is very similar to that seven months after Pinatubo in January 1992.
The transmission 01' direct solar radiation for wavelengths of 1:03t to 28t over Mauna Loa (see Climate Diagnostics Bull, June 1992) is somewhat reduced in January 1992 (120.86) compared with January 1983 (120.89), and the column aerosol backseatter coefficient at ruby-wavelength (9»:0.69 ttm)at the same place is larger by a factor of two for January 1992. But, in middle latitudes of the northern hemisphere, lidar measurements of the aerosol column backseatter are comparable for both Januaries (Jiiger, pers. comm., see Figure 1 ). Later in 1992 the Pinatubo aerosol became more effective in 0-005   ll[IIITII:IIIIIII:I'IIIIIIIlllllllililllllIIl   I  I   I   0-004 _ _  694.3 nm  I   I   wee EL CHICHÖN 1982 H" PINATUBO 1991 0.003 ' ' 0.002 ' ' COLUMN BACKSCATTER (Sr '1)   I  |  I  I  I  I  I  I  I  I  |   0.001 ' '  _   o  I  I  :  I  I  I  I  I  ä  I  :  I J  i  I I.'|  1  I  I  :  I  I  E  I  I  :  I  I  :  I  I  :  I  I  : I  I  I  :  I i.e. similar aerosol like in January 1983 for midlatitudes and stronger aerosol in low latitudes leading to a reduction in shortwave radiation as shown in Figure 2 (dashed line). Lacis et al. (1992) found that the only important parameter for the net radiative forcing due to volcanic strato- Nifio and the volcanic aerosol is in preparation.
Since the radiation scheme of the ECHAM2 climate model is unable to deal with variable aerosol concentrations, we decided to use the "anomaly forcing" technique which has previously been used to study the climate response to the smoke from the buming Kuwait oil wells (Bakan et a1. 1991) . This technique allows the inclusion of any radiational effects of trace gases or aerosols in the model by the use of an additional radiation model, which explicitely treats the species under investigation. In this case we used the S-Eddington model, Bakan (1982) , with the extensions for aerosol and ozone from Schult (1991) . We ran this model parallel to the original ECHAM2 radiation code once with and once without the prescribed aerosol with the atmospheric conditions from the climate model. The flux differences of the two S-Eddington computations arethen added to the results of the original code. After six months of running this complete interactive radiation and circulation code we obtained mean monthly anomalies of the radiative fluxes and heating rates. The effect of the aerosol longwave radiation on the surface radiation balance was more than one order of magnitude less than the total effect. It will therefore (also in accordance with Lacis et al. 1992 ) be neglected in the computations described below.
Since the fully interactive model increases the computation time for ECHAM2 by a factor of live, we avoided its explicit application in order to be able to run a series of experiments long enough for statistical investigations. Thus, we used the extemally computed mean heating rate anomaly and the mean reduction of the shortwave radiation (Figures 2a and 3) of the fully interactive model for a series of perpetual January simulations. The
(1 model was initiated with data from one arbitrarily chosen January 1 of the control experiment and integrated for 30 days. Doing this 60 times (each new lst January being initialized with the fields of the 30th January of the former integration) we produced a series of 60 January simulations both for the disturbed (Experiment) and the undisturbed (Control) case. --~-e: ;;:e:/ "~"""\f\'- §i'" \"'fl' Figure 4 gives an overview of the mean thermal and solar net radiation anomalies at earth surface as the climate model produced for three different experiments for January conditions: Penn3 is our Pinatubo experiment, SST-2 is an E1 Nifio experiment using the observed trOpieal (30°N to 30°S) sea surface temperature anomalies for January 1983, and Pcrm6 is the combined El Nifio / Pinatubo experiment which will be discussed in a succeeding paper. Anomalies of surface longwave as well as shortwave radiation are in the same order of magnitude for all experiments. In all cases there is net increase of longwave radiation in middle and high latitudes. The pure El Nifio experiment only leads to a meridional shift of cloud areas and therefore to a global mean zero effect of the shortwave anomaly, while the volcanic aerosol reduces solar radiation in the order of 5 to 7 W/mz. We inspected carefully the results for possible trends in the zonal mean of temperatures and geopotential and found that there were no strong trends detectable after few months. To check [Or the stability of any signal, we performed analyses with different subsets consisting of 30 Januan'es each.
Heating Rates Kelvin/Day
So we chose blocks of 30 succeedingtlanuaries and sets of randomly. extracted Januaries, always excluding the first two months which show initial drift. All subsets gave the same principal patterns with only small varia-tions in amplitudes and pattern. Here we will concentrate our discussion to the last half of the ensemble. The permanent January simulations are not independent from each other. This must be considered in the statistical tests by reducing the number of degrees of freedom. The effective number of degrees of freedom was computed for every gn'dpoint using the autocorrelation function. The resultant Bartels' number B (Bartels, 1935) has a global mean value of B = 1.8 (B = 1.4) for the 2m temperature (500 hPa height).
This means that the effective degree of freedom is Nelf= N / B. This is consistent with the experience that the atmospheric memory is at most two weeks. Trying to stay at the conservative side of estimates, we made the assumption that every second experiment January is independent. Consequently for a set of 30 Januan'es we use an effective degree of freedom of 15. 
Troposphere
The model simulates a significant reduction of the variance of the geopotential height of the 200, 500 and 850 hPa levels over the whole North Atlantic region. This holds also for the variances of the zonal wind field and temperature (the latter mainly in the lower troposphere) for the complete set of the experiment ( Figure 6 ) as well as for subsets. This is especially clear for the geopotential over the Azores high, over Labrador and Southern Greenland. No significant signal is detectable elsewhere applying the F-test, or the variance is increased in the experiment ( Figure 6 ). I'  I  I  I  I  I  I  I  I  I  I  I  I  I  J.  l  J.  l  I  I  I  I  I  I  I  I  I  I  I  I  l  I  I  I I  I  I  I  I  I  I  I  I  I  I  l  I  I  I  I  I  T  I-I  'I  1  I  I  T  I 
Tropospherie Observations
In order to compare our simulation of the impact of the Pinatubo (or an other similar volcanic eruption) stratospheric aerosol on climate with global observations data, we used the 500 hPa geopotential height anomalies as analyzed by the US National Weather Service, the satellite observed lower tropospheric temperature from the Microsounding Unit (MSU) (see Spencer and Christy. 1990) , and (to a certain degree) synoptic observations collected by the Seewetteramt of the Deutscher Wetterdienst. The last data set is based on a non-uniform distribution of stations with large gaps over the oceans. This gives serious problems when the data are interpolated to a coarse map such as the T2] grid. Thus these data are used only for qualitative comparisons.
The MSU temperature data use the temperature dependence of the microwave 16 emission of oxygen molecules. For the tropospheric signal. calibrated MSU channel 2 (53.74 GHz) brightness temperatures are combined with a weightning function describing the vertical sensitivity to thermal emission by molecular oxygen in the atmosphere. The main part of the signal we used is from the layer between the eanh surface and 400 hPa (with a peak at 700 hPa), i.e. from the lower part 01' the troposphere rather than from the earth surface. The spatial resolution of these observations is in the order of 10°, even though the data are published on a 2.5°grid (Spencer et al., 1990) .
In order to compare with previous violent volcanic eruptions, the surface temperature data set from Jones et a1. (1988) was also used (see Robock and Mao, 1992 submitted The simulated anomalies are generally weaker than the observed ones and a tendency to a westward displacement is characteristic. Such zonal (westward) displacements (compared with observations) of the mean circulation features are common in low resolution GCMs, resulting mainly from the smooth orographic representation (Sausen 1992, pers. comm.) The negative anomaly over'Greenland exists in both fields (for the simulated anomaly see Figure 6 ), while the observed center of the positive geopotential anomaly is shifted eastwards to England. Both, in the observations and in the simulation, a trough develops over Eastern Europe / Western Asia, which also has a more westerly position than in the observations. The pattern anomaly correlation (Table 1) is between 0.37 for the globe and 0.40 for the northern hemisphere if we use the mean pattern of the experiments 03-60. As stated above, subsets have shown the same patterns. This means that only about 15% of the total North hemispheric observed spatial variance of the 500 hPa field of the middle troposphere in winter 1991-92 can be explained by the volcanic impact alone. Much better results we get for the western hemisphere (180°W to 0°) whcrc this value can be improved to 49% (1:0.70). correlation means that no spatial shift is allowed, "optimal" correlation allows for 2 gridpoints shift in all directions to get a best fit. All fields were interpolated to the T21 grid before being analyzed. Mean of the experiments 03-60 used. The stratospheric winter signal can be described as a significant warming of the aerosol containing layers in the tropics and midlatitudes due to absorption of radiative energy. This warming increases the poleward meridional temperature gradient.
leads to an increased polar night jet, reduced meridional heat transport and therefore a cooling tendency in the stratosphere over the winter pole.
In this study the tropospheric signal was found to be mendionally nonuniform. It is strongest over the North Atlantic and consistsof enhanced westwinds over high latitudes (around 60°N), strengthened zonal heat and moisture transport in higher latitudes and a northward shift of the Azores high.
The areas of strongest anomalies also show significantly reduced variance of the parameters.
A temperature anomaly field was found in the lower troposphere, which (in the main features) is very similar to observations during the winter 1991-92 . Similar anomalies were observed also during other post volcano winters. There is a signilicant cooling over Greenland and North Africa / Middle East. ln agreement with observations some warming tendency with a maximum. amplitude of about 2 K is seen in the mean results over North America and northern Eurasia. This positive temperature anomaly can not be proved to be statistically significant because of the large natural variability of surface temperature in these latitudes. This warm anomaly is supported by observations following historic eruptions (Robock and Mao 1992) and it determines the high pattern correlation found between simulation and observations. The simulated and observed temperature anomalies following a violent volcanic eruption in part contradict the findings based on linear multiple regression analysis (Cress and Scho'nwiese 199] ) and energy balance models (Robock 1984) . The results underline the importance of nonlinear and dynamic responses of the atmosphereto extemai forcing.
